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Electrochemical characterisation of Ni(II)-Crown type 
Polyoxometalate doped polypyrrole films for the catalytic 
reduction of bromate in water. 
 
Bushra Ali[a], Fathima Laffir[b],  Lekshmi.Kailas[b], Gordon Armstrong[b], Lekshmi.Kailas[b], 
Robbie.O'Connellǁ, and Timothy McCormac[a]* 
 
Abstract: The nickel substituted (Ni4[(P8W48O184)(WO2)]28-, crown 
type polyoxometalate was electrochemically polymerised with 
conducting polymer pyrrole for the electrocatalytic reduction of 
bromate in water. The immobilized films of different thickness were 
characterised by electrochemical and surface based techniques. The 
resulting films were found to be extremely stable towards redox 
switching between the various redox states associated with the 
incorporated POM. This system was found to effectively 
electrocatalyse the reduction of bromate in water without the 
interference of other common anions. The detection limit was found 
to be 0.2μM, with a linear region from 0.1mM up to 2 mM bromate. 
The resulting POM doped polypyrrole films were found to be highly 
conductive by AC impedance. Surface characterization of 
the polymer films was carried out by using  X-ray photoelectron 
spectroscopy, atomic force microscopy,  and scanning electron 
microscopy. 
Introduction 
Polyoxometalates (POMs) [1, 2] have excellent electrochemical 
properties and remarkable reversible redox reaction behaviour 
without degradation of their molecular structure. This ability of 
POM had been utilized in immobilizing them into conducting 
polymers to form inorganic-organic hybrid materials that exhibit 
high stability and conductivity [3, 4]. Among possible conducting 
polymers, pyrrole films have been investigated extensively 
during the past couple of decades because of easy binding 
active sites with many polyoxometalates by electro 
polymerization and composite formation [3-8]. The polypyrrole 
developed composites are largely used in electrochromic 
devices, sensors, capacitors and batteries [9]. Anwar et.al., 
studied the incorporation of a Dawson type POM into pyrrole by 
electropolymerization for hydrogen peroxide sensor applications 
[4]. Doyle et. al., presented the characterisation of polypyrrole 
doped with p-sulfonatecalix(40)arene [10]. Dong et. al., 
demonstrated the electrochemical based studies of a lanthanide 
heteropoly tungstate/molybdate complex in polypyrrole film 
electrode for the reduction of bromate [11]. Liu and Dong 
incorporated the molybdosilic heteropoly complex into the 
polypyrrole matrix [12]. Chen et. al., developed a flexible and 
solid-state supercapacitors by polypyrrole-polyoxometalates 
matrix with reduced graphene oxide nanohybrid [13]. Bai et. al., 
deliberated the high-performance supercapacitors with high 
working voltage by the electrochemical co-deposition of 
vanadium oxide and polypyrrole [14]. 
  
Bromate is generally found in water as a by-product when ozone 
and chlorination are used for the disinfection of water [15, 16].It 
is also used as food additives in fermented beverages and fish 
paste [16]. However, bromate has been declared as 
carcinogenic and associated with the renal cell tumors, 
mesotheliomas of the peritoneum, and follicular cell tumors by 
the presence of potassium bromate in drinking water [17a]. 
Keggin-and Dawson type POM has been used widely for the 
electrocatalytic reduction of bromates [17b] by different 
electrochemical methods such as the adsorption and Layer-by-
Layer assembly [18a, 18b]. However, the low detection limit and 
high sensitivity is always a challenge in electrochemical methods.  
 
In this research work, we immobilized the Ni-Crown 
[Ni4(P8W48O184)(WO2)]28- type polyoxometalate into the 
polypyrrole matrix by adopting the electro polymerization method 
for the electrocatalytic reduction of bromate in water. It is believe 
that the sensor reported in this work is highly selective towards 
the reduction of bromate without interference from other 
analytes such as chlorate, nitrite, phosphate and nitrate.  
 
 
[*a] Dr., Timothy McCormac  
Electrochemistry Research Group, Applied Sciences 
Dundalk Institute of Technology 
Dublin Road, Dundalk, Ireland 
E-mail: tim.mccormac@dkit.ie 
 
[a] Ms., Bushra Ali 
 Electrochemistry Research Group, Applied Sciences 
 Dundalk Institute of Technology 
 Dublin Road, Dundalk, Ireland. 
 E-mail: Bushra.ali@dkit.ie 
 
[b] Bernal Institute, University of Limerick, Limerick, Ireland 
 Email: fathima.laffir@ul.ie 
 Lekshmi.Kailas@ul.ie 
 gordon.armstrong@ul.ie 
 robbie.oconnell@ul.ie 
 
 
 
 
 
10.1002/ejic.201801106
Ac
ce
pt
ed
 M
an
us
cr
ip
t
European Journal of Inorganic Chemistry
This article is protected by copyright. All rights reserved.
FULL PAPER    
 
 
 
 
 
Results and Discussion 
Solution redox behaviour of Ni4 [(P8W48O184)(WO2)]28-  
The solution redox properties of Ni4[(P8W48O184)(WO2)]28- were 
studied by employing cyclic voltammetry in pH-2 with figure 1 
illustrating the cyclic voltammogram recorded at 10 mV/s scan 
rate. Three reversible redox process I/I’, II/II’ and III/III’ 
associated with the POM’s tungsten-oxo (W-O) centres were 
observed with E1/2 values of -0.22V, -0.31V and -0.518V 
respectively. On comparison with the literature it was found that 
eight-electronic redox couple I/I’ split it into the two redox couple 
I/I’ and II/II’ with four electron in acidic aqueous medium [19, 20].   
  
Figure 1 Cyclic voltammogram of 1mM [Ni4(P8W48O184)(WO2)]28- in buffer 
pH 2.0 (0.1M Na2SO4) on GCE (A = 0.0707cm2) vs. Ag/AgCl at 10mV/s 
scan rate. 
Electrochemical behaviour of Ni-Crown POM doped PPY 
films. 
 
Ni-Crown POM /PPY hybrid films of various surface coverages 
were fabricated on glassy carbon electrode surfaces by 
employing Chronocoulometry. The redox behaviour of the 
resulting film was then investigated in pH 2 buffer by cyclic 
voltammetry. The formation of a Ni-Crown POM doped PPY film 
with a deposition charge of 2mC with estimated surface 
coverage of 0.25nmolcm-2,  and redox electrochemistry of the 
resulting hybrid film in pH-2 buffer at a scan rate of 0.01 Vs-1 
observed by cyclic voltammetry is shown in figure 2. This cyclic 
voltammogram exhibits three well-defined redox couples 
labelled as I/I’, II/II’ and III/III’ with E1/2 -0.22V, -0.32V and -0.57V 
respectively. Like the solution electrochemical behaviour of Ni-
Crown POM (figure 1) the redox couple I/I’ splits into the two 
redox couple I/I’ and II/II’ with four electron each while the redox 
couple III/III’ is eight electron in nature at pH-2 buffer and is 
associated with the redox switching of the tungsten-oxo centres 
within the polymer bound POM (as described by equations 1-3) 
[23-26].  
 
Figure 2. Cyclic voltammogram of a [Ni4(P8W48O184)(WO2)]28- POM+0.1M 
PPY film 2mC (Surface coverage 0.25nmol/cm2) in pH 2.0 on GCE (A= 
0.0707cm2) at scan rate 10mV/s. 
It seems that the polymer remains in its conducting state within 
the potential region of +0.6 to -0.4 V which is also confirmed by 
the contribution of a large non-faradic current element to the 
voltammogram within this domain, which is a distinctive feature 
of conducting polymers. The E1/2 values of the polymer bound 
POM’s associated redox W-O redox sites, are in reasonable 
agreement with the observed solution behaviour for nickel 
substituted crown type POM. However in general it was 
observed there is a slight cathodic shift in the measured E1/2 
values of redox couple II/II’ and III/III’ for the polymer bound 
POM with the values of ΔEp being typical for surface confined 
species.  
 [Ni4(P8W48O184)(WO2)]28-+4e-+4H+↔[H4Ni4(P8W48O184)(WO2)]28-  [1] 
 
�H4Ni4(P8W48O184)(WO2)�28-+4e-+4H+↔[H8Ni4(P8W48O184)(WO2)]28- [2] 
 
�H8Ni4(P8W48O184)(WO2)�28-+8e-+8H+↔[H16Ni4(P8W48O184)(WO2)]28- [3] 
 
Continuous cycling of the Ni-Crown POM doped PPY modified 
electrode through the various POM based redox processses, 
showed only a small decrease in associated current that 
indicates the realtive stability of the POM anions in the 
polypyrrole matrix upon redox switching. The quantities of the 
immobilized Ni-Crown POM in the polymer films were calculated 
at a slow scan rate by using equation [4]: 
 
Г= Q/nFA  [4] 
 
Where Г (molcm-2) is the surface coverage for the surface 
confined active species, Q (Coulomb) is the charge passed 
associated with a particular redox process, n is number of 
transferred electrons, A is the area of electrode in cm2 and F 
(96,485 Cmol-1) is Faraday’s constant. The surface coverage 
values of the 2mC film for both Гred and Гox associated with the 
redox couple WO-III/III’ were found to be 0.25 and 0.19 
nmol/cm2. A scan rate study was performed on the POM doped 
PPY film (2mC) in pH 2 buffer. It was found from figure 3(a) that 
the peak currents associated with the redox couples WO-I/I’ and 
WO-II/II’ for the Ni-crown POM doped PPY film increased with 
increasing the scan rate.  Figure 3(b) shows the linear 
relationship between the scan rate and redox current (WO-III/III’) 
Ni-crown POM doped PPY film up to 100 mVs-1 indicating thin 
layer behaviour and fast redox switching kinetics.  
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Figure 3(a). Cyclic voltammogram of multilayer film of a 
[Ni4(P8W48O184)(WO2)]28- POM+0.1M PPY film 2mC in pH 2.0 buffer at 
scan rate between 10 to 100 mVs-1 (from inner to outer cure). (b). Scan 
rate plot between 10 to 100 mVs-1 (from inner to outer cure) 
[Ni4(P8W48O184)(WO2)]28- POM+0.1M PPY film 2mC in pH 2.0 buffer. It 
shows the linear relationship between the peak currents and the scan 
rate of the W-O III/III’ redox couple. 
 
Electrochemical Impedance spectroscopy (EIS).  
 
[Ni4(P8W48O184)(WO2)]28-doped polypyrrole films 
 
Electrochemical impedance spectroscopy was performed to 
investigate the electrical properties of Ni-Crown POM doped 
PPY films by the Randle equivalent circuit. Ho et.al., [27] and 
Yongfang et.al., [28] used the Randle equivalent circuit to study 
the tungsten trioxide thin films behaviour and kinetics of 
polypyrrole films, respectively. The frequency responses of the 
Ni-Crown POM doped PPY film by electrochemical impedance 
spectroscopy was recorded over a range of potentials from 
+0.0V to -0.6V (vs. Ag/AgCl) in pH 2 buffer. It was found from 
figure 4(a) that the film shows lower Rct values in the domain 
(+0.3V to +0.0V) as compared to when the film is further 
reduced to -0.6V, the results being in agreement with literature 
[28- 30]. Semicircle region (kinetic control) is not very clear and 
the plots mainly show the diffusion controlled region with lower 
Rct and can be assumed a faster electron transfer rate on the 
interface between POM-PPY film and solution [28]. Moreover, 
the impedance data results as the solution resistance (Ri) by 
electrolyte of solution, charge transfer resistance (Rct) and RL 
(Zw) complex impedance or Warburg impedance, arises by the 
diffusion of electroactive species (as it applies mostly for the 
conducting polymer) for both reduced and oxidised domain of 
POM +PPY doped film are all calculated by quality of the fit 
model of EIS Spectrum analyser and presented in table 1. 
Exchange current density io is also calculated (table 1) by 
equation [5]: [28-31]. 
 
𝑅𝑅𝐶𝐶𝐶𝐶 = 𝑅𝑅𝑅𝑅/𝑍𝑍𝑍𝑍𝑖𝑖𝑜𝑜    [5] 
  
Where RCT represents the charge transfer resistance, io an 
exchange current density, T as the temperature taken as 300K 
(in the calculation) and F (96,485 Cmol-1) is Faraday’s constant. 
It was observed from the table 1 that values of exchange charge 
density io changes by changing the electrode potential. It is 
decreases by moving the potential from positive to negative 
potential. It is probably the insulating property of PPY is higher 
towards the negative potential and therefore more charge 
transfer resistance and less charge density [28]. 
 
Figure 4(a). Nyquist plots of [Ni4 (P8W48O184)(WO2)]28- +PPY doped film 
(5mC) on GCE. The frequency range is between 0.01 to 105 Hz. The 
amplitude of the applied sine wave potential in each case was 10mV and 
the formal potential was +0.0V, +0.3V, -0.3V and -0.6V in the pH 2.0 
(0.1M Na2SO4) buffer. 
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Table 1. Results of the A.C. impedance measurement of  
[Ni4 (P8W48O184) (WO2)]28- +PPY doped film (5mC) in pH 2 
buffer. 
E (V) Ri (Ω) RCT (Ω) RL(Ω) io(mA) 
+0.3 
+0.0 
-0.3 
-0.6 
 
70 
80 
177 
195 
0.001 
0.003 
60 
87 
817 
747 
107 
----- 
1615 
538 
0.026 
0.018 
 
 
The behaviour of different POM-PPY doped film thickness was 
also recorded by electrochemical impedance spectroscopy and 
is shown in figure 4(b). There is not such a significance 
difference and linearity change but it was observed the Rct 
values are increases by increasing the thickness of the film [31]. 
This data has also been calculated by quality of the fit model of 
EIS Spectrum analyser and presented in table 2. This different 
thickness redox switching behaviour of the conducting 
polypyrrole film was also observed by M. Fall et. al (2006) by 
characterising the different film thickness of PPY with 
electrochemical impedance spectroscopy [31]. 
 
 
Figure 4(b). Nyquist plots of [Ni4 (P8W48O184)(WO2)]28-+PPY doped film 
on GCE with different thickness (5mC, 10mC and 15mC). The frequency 
range is between 0.01 to 105 Hz. The amplitude of the applied sine wave 
potential in each case was 10mV and the formal potential was +0.0V in 
the pH 2.0 (0.1M Na2SO4) buffer. 
 
 
Table 2. Results of the A.C. impedance measurement of 
 [Ni4 (P8W48O184)(WO2)]28- +PPY doped film of different thickness  
in pH 2 buffer at +0.0V potential. 
Film 
Thickness 
(mC) 
RCT(Ω) Ri(Ω) RL(Ω) io (A) 
5 
10 
15 
0.003 
0.004 
0.007 
80 
101 
123 
747 
731 
680 
0.5 
0.4 
0.2 
 
 
Preliminary Results - Electrocatalysis of Bromate   
 
Figure 5(a) shows the resulting cyclic voltammogram for Ni-
Crown POM doped polypyrrole film of 2mC thickness at +0.65V 
in pH 2.0 buffer in the presence and absence of bromate. It was 
observed that the reduction current associated with peak I 
(figure 5(a)) increased upon the addition of bromate at a 
reduction potential of -0.22V.  However, the reduction currents 
associated with peak II and III remain unchanged upon the 
addition of bromate, which indicates that only the reduction peak 
I was involved in the electrocatalytic reduction of bromate. A 
linear relationship presented in figure 5(b) between catalytic 
current and concentration of bromate up to 1mM by recording 
only the peak I/I’ in the presence of analyte (bromate). 
 
To eliminate the possible interaction that may exist between the 
underlying bare electrode surface and that of the bromate, the 
same experiment was performed for the bare GCE within the 
investigated potential domain (as shown in figure 5(a) bare 
0.6mM). It is clear that there is an interaction between the 
reduced Ni-crown POM within the polypyrrole film for the added 
bromate but not with bare electrode. For comparison the 
chloride doped polypyrrole film of the same thickness was also 
investigated for the catalytic reduction of bromate at same 
potential by amperometry as shown in figure 6. It can be seen 
that there is no current change upon bromate interaction for this 
film at the same pH, thereby indicating that the conducting 
polypyyrole backbone makes no contribution to the 
electrocatalytic reduction of the bromate for the POM doped film. 
It can therefore be concluded that it is the reduced POM which 
interacts with the added bromate.  
 
The effect of film thickness on the sensitivity and limit of 
detection of the electrocatalytic ability of the developed system 
was measured by amperometry at -0.2V (vs Ag/AgCl). All 
polypyrrole films were first stabilised under this potential for 
approximately 13 minutes prior to the bromate injection. Figure 6 
shows three amperometric curves for the bare electrode (black 
in figure), a polypyrrole chloride film (10mC-red in figure) and  
Ni-Crown POM/PPY films (green in figure), upon the successive 
additions of 0.1mM bromate. The significant response was 
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observed for the POM based PPY film as compared to the bare 
and polypyrrole chloride film.  
 
Inset in figure 6 represents the resulting standard calibration 
curve obtained by ploting the catalytic current versus 
concentration (mM) data obtained from amperometric 
experiments (n=3) of the POM based polypyrrole film (10mC). 
Ni-Crown POM doped PPY based film of surface coverages in 
the range of 5.88 nmolcm-2 which showed a sensitivity of 69.40 
µAcm-2/mM with a limit of detection (LOD) of 0.2 µM based on 
three times recorded S/N ratio. In addition a steady state current 
is obtained within 50 seconds from the addition of each injection. 
Table 3 showed the variation in sensitivity and LOD by the 
different thickness of the Ni-Crown  POM doped PPY based film 
with different surface coverage.  
 
 
 
Figure 5(a). Electrocatalytic cyclic voltammogram of a [Ni4(P8W48O184) 
(WO2)]28- POM+ 0.1M PPY film (2mC) in pH 2.0 on GCE (A= 0.0707cm2) 
at scan rate 10mVs-1. In the absence (0.0 mM) and presence of bromate 
(0.2 mM) concentration up to 1 mM. (b) The catalytic current plot shows 
a linear relationship (up to 1mM) between the catalytic current (Icat) and 
the bromate concentration for the WO-I wave after [Ni4(P8W48O184) 
(WO2)]28- POM+ 0.1M PPY film (surface coverage 0.25 nmolcm-2) in pH 
2.0 buffer. 
 
 
Figure 6. Typical Amperometric response of the bare glassy carbon 
electrode (BGCE) (A= 0.0707 cm2) with in comparison of a chloride 
doped polypyrrole (PPY-Cl) and a [Ni4(P8W48O184)(WO2)]28- POM+ 0.1M 
PPY film (10mC, green) in pH 2.0 buffer up to 2mM with applied potential 
-0.2V vs Ag/AgCl. Inset: calibration plot of n=3. 
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Table 3. Amperometry data for [Ni4(P8W48O184)(WO2)]28- POM 
doped polypyrrole based films of various thickness (02, 05 and 
10mC) for catalysis of bromate in buffer pH 2.0 with terminal 
potential -0.2V vs Ag/AgCl on GCE (A=0.0707 cm2). 
Film 
Thickness 
(mC) 
Sensitivity 
µA/(mM) 
L.O.D 
µM 
Response 
Time (sec 
02 
05 
10 
2.31(+/-1.3) 
2.63(+/-1.9) 
4.91(+/-1.7) 
0.37 
0.33 
0.20 
83 
60 
45 
 
 
Ganglin Xue. et. al., modified electrode with inorganic–organic 
hybrids based Keggin polyoxometalate and methylene blue for 
the nitrite, chlorate and bromate reduction. However their 
system was shown to be more active for nitrite and not selective 
for bromate in the presence of other anions [33]. By having all 
observation from previous literature work, we investigated the 
Amperometric response of the Ni-Crown doped PPY film for the 
some common co-existing species with bromate in real samples 
[32-38]. The Current-time data curve (amperometric responce) 
obtained from the successive addition of NaNO3, NaNO2, 
KH2PO4, NaClO3- and NaBrO3- showed no interference at all as 
shown in figure 7. The small drift of the baseline that observed 
after the addition of the stock solution of bromate. The results 
shown that the Ni-Crown POM doped PPY film  can be used for, 
at least 5 analytical run without lose of originial stability and 
activity. It showed a 70% reproducibility with modified electrode 
was analysed for stability study by continuous recording of cyclic 
voltammetry up to 500 cycles at pH 7.0 buffer solution. The loss 
of peak currents of I/I‘ redox process was not higher than 30%. 
Moreover, the modified electrode showed no change in peak 
currents after one-two month shelf storage time.  
 
Figure 7 Response of the [Ni4(P8W48O184)(WO2)]28- POM doped 
polypyrrole film (10mC) to successive additions of various compounds in 
pH 2.0 buffer at polarization potential -0.2 V by using GCE as working 
electrode and Ag/AgCl as a reference electrode. 
SPECTROSCOPY AND MICROSCOPY 
 
X-ray photoelectron spectroscopy of POM doped polymer films. 
The surface composition of POM doped PPY films deposited on 
ITO-coated glass slides was determined by X-ray photoelectron 
spectroscopy (XPS) with probe depth from the top surface of the 
films approximately 10nm.  
 
Survey spectrum of the Ni-Crown POM-doped PPY film as 
shown in figure 8 confirms the presence of both dopant ion and 
conducting polymer polypyrrole assembly on ITO glass slide. 
High resolution C 1s and N 1s spectra confirm the presence of 
polypyrrole. The C 1s spectra can be decomposed into two main 
peaks to represent C-C/C=C at 284.8 eV and C-N of the 
polypyrrolic chains at approximately 286 eV, and two minor 
peaks at 287.7 and 288.8 eV to represent oxidised carbon. The 
N 1s spectra can be decomposed into 2 component peaks. The 
lower binding energy peak at 399.9 eV is attributed to neutral 
nitrogen in polypyrrole and the peak at 401.6 eV is attributed to 
protonated nitrogen. These results are also an agreement with 
the literature [22].  
 
Presence of nickel at Ni 2p binding energy of 856.3 eV 
confirmed the presence of the doped metal nickel on conducting 
polypyrrole deposited films. In addition tungsten at W 4f7/2 35.5 
eV; phosphorous at P 2p 132.9 eV and significant amount of 
oxygen at O 1s 531.9 eV were also observed confirming the 
sufficient presence of polyoxometalates. For comparison, XPS 
measurements were also taken on 0.1M NaCl doped polypyrrole 
film of same thickness and clearly a significant increase in the 
nitrogen from the polypyrrole was detected as shown in table 4. 
In addition low levels of Na (0.5 atomic %) and Cl (1.8 atomic %) 
were detected which is consistent with small salt crystallites on 
the surface of the NaCl doped polypyrrole sample as seen by 
SEM (figure 11). 
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Figure 8. XPS survey spectrum of [Ni4(P8W48O184)(WO2)]28- POM doped 
polypyrrole film (15mC). 
Table 4. Relative composition quantification of Ni-Crown doped  
PPY films analyzed by XPS (Kratos AXIS -165, Mono Al X-rays ) 
at high resolution. 
 
Number  
of layers 
Elemental Atomic% 
N P Ni W Na Cl O C 
Ni-Crown 
POM+ PPY 
4.2 0.7 0.
3 
3.4 --- --- 38.6 38.7 
NaCl-doped 
PPY 
11.2 ---- ---
- 
--- 5.5 1.8 8.6 76.8 
 
Atomic Force Microscopy of doped PPY polymer films. 
 
The surface morphology and roughness of Ni-Crown POM 
doped PPY films having varying thickness and different anionic 
moieties were studied by atomic force microscopy (AFM). Figure 
9(A) shows representative AFM topography and deflection 
images of the Ni-Crown POM-doped PPY film deposited on ITO 
glass slides. Surface roughness values in the ranges of Sa: 
0.12-0.14µm (arithmetic average) and Sq: 0.19 – 0.2 µm (root 
mean squared) were obtained across the areas of interest 
imaged on the POM-doped PPY film’s surface. 
 
For comparison, the NaCl doped PPY samples prepared without 
POM were also imaged by AFM, in order to examine the 
influence of the POM dopant on the morphology of the polymer 
films. Representative AFM topography and deflection images of 
this 0.1M NaCl doped PPY film deposited on ITO glass slides 
are shown in figure 9(B). Compared to the POM-doped film, 
higher surface roughness values of Sa: 0.27µm (arithmetic 
average) and Sq: 0.33µm (root mean squared) were obtained 
across the areas of interest imaged on the NaCl-doped PPY 
film’s surface. 
 
 
Figure 9 (A). AFM topography images of Ni-Crown POM doped polypyrrole 
film (10mC) deposited on ITO coated glass slide. Dark to bright colour gradient 
in the topography images represents a change in height of 1.6 µm. (B). AFM 
topography image of 0.1M NaCl doped polypyrrole film (10mC) on ITO coated 
glass slide. Dark to bright colour gradient in the topography images represents 
a change in height of 2.1 µm. 
Scanning Electron Microscopy of POM doped polymer films 
 
SEM image of a Ni Crown-doped polypyrrole film with a charge 
deposition of 10mC shown in figure 10(A) with comparison of 
figure 10 (B) shows the SEM image of the corresponding NaCl-
doped PPY film. Figure 10(A) shows the Ni-Crown POM doped 
polypyrrole film at low magnification. Exfoliation of the polymer 
film was also observed across the film, as seen in figure 10(B), 
along with raised regions, as seen in figure 10(C).  These 
observations correspond with the findings of AFM experiments 
discussed above. 
Dendritic structures were observed in the SEM topography 
images of the POM-doped PPY film, these were attributed to 
self-assembly of the Ni-Crown POM into dendritic structures, 
which appeared to form discrete dendrimer-rich domains on the 
polymer film surface as may be seen from low-magnification 
SEM images. The self-assembly of crown ether type structures 
has been widely reported [39, 40]. Salt crystals, most probably 
arising from the dopant, were observed on the surface of the 
NaCl doped PPY samples by SEM, as may be seen in figure 
11(A).  Also, voids, attributed to bubbles formed during the direct 
polymerisation of the PPY films were also observed in the SEM 
A 
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images for both POM and NaCl doped PPY films; these are 
most readily seen in figure 11(B).  
 
 
 
Figure 10. SEM images (3 keV) of Ni-Crown POM doped polypyrrole film 
(10mC) deposited on ITO coated glass slide. (A) low magnification view 
of polymer film (B, C) exfoliated polymer observed on underlying polymer 
surface (D) dendritic growth of Ni-Crown POM observed in regions of 
polymer surface. 2𝜇𝜇m scale bar in each image.  
 
Figure 11. SEM images (3keV) of 0.1M NaCl doped polypyrrole film 
(10mC) on ITO coated glass slide. (A) Salt crystals observed on polymer 
surface (B) bubbles formed during the direct polymerisation of the PPY 
films. 2𝜇𝜇m scale bar in each image. 
Conclusions 
Electrochemical polymerization of pyrrole and 
[Ni4(P8W48O184)(WO2)]28- polyoxometalate as dopants was 
carried out. Impedance and cyclic voltammetry measurements 
applied to study the electrochemical properties of Ni-Crown 
POM doped PPY films of different thicknesses. Three W-O 
redox processes associated with incorporated POM were 
observed for the POM doped polypyrrole film associated with the 
redox switching of the W-O centres within the POM . The 
stabilization effect on the electrochemical response of the POM 
due to immobilization into the polypyrrole matrix was observed. 
The electrical parameters, charge transfer resistance (Rct), 
Solution resistance (Ri) and the current density (io) for these 
films (in oxidized, partially reduced and reduced states) were 
calculated and analysed. Surface topography and morphology 
was also done by using different surface analysis techniques.  
Electrocatalytic activity for the bromate reduction observed for 
Ni-crown POM doped into polypyrrole matrix was employed for 
the development of an electrochemical bromate sensor. Ni-
Crown doped polymer modified electrodes reveal limit of 
detection lower than the previously reported modified electrode 
system without the interference of other competent analytes 
present in the real sample and to the best of our knowledge this 
system is not reported before. 
 
Experimental Section 
MATERIALS: The synthesis and characterisation of the Nickel 
substituted crown [Ni4(P8W48O184)(WO2)]28- type POM has been reported 
previously by our group [9-10]. Pyrrole (C4H5N, 99%) (PPY) was received 
from ACROS Organics and purified before use by passing through 
neutral Al2O3 column to obtain a colourless liquid. Alumina powders of 
sizes 0.05, 0.3 and 1.0μm were received from IJ Cambria. Highly purified 
water a using Milli-Q water purification system (ELGA PURELAB Option-
Q) with a resistivity 18.2 MΩ cm was used throughout for the preparation 
of all the aqueous electrolytes and buffer solutions. All other chemicals 
were of reagent grade, purchased from Sigma Aldrich, and used as 
received. Buffer solutions were prepared from the following reagents: 
0.1M Na2SO4 (pH 2-3), 0.1M Na2SO4 + 20 mM CH3COOH (pH 3.5-5), 
0.1M Na2SO4 + 20mM NaH2PO4 (pH 5.5-7). The pH of the solutions was 
adjusted with either 0.1M NaOH or 0.1M H2SO4 depending on the pH 
required. 
APPARATUS AND PROCEDURE: All electrochemical experiments 
were performed with a CHI 660c electrochemical work station (CH 
Instruments, Texas, USA, IUPAC) with a conventional three electrode 
electrochemical cell. The glassy carbon electrode (GCE) (d = 3mm, A = 
0.0707cm-2) was used as the working electrode, a platinum wire as the 
auxiliary/counter electrode (length = 5cm, d = 0.5mm) and Ag/AgCl (3M 
KCl, E = 0.223V ±0.13mV at 25ºC vs. SHE) as the reference electrode. 
The GCE was polished with 1.0, 0.3 and 0.05µm Al2O3 powders 
respectively and sonicated in water for about 1 minute after each 
polishing step. Finally, the electrode was washed with ethanol and then 
dried with a high purity nitrogen stream before use. 
The polymerisation procedure reported previously by our group [22] was 
employed with minor modifications to yield films of varying thickness  for 
the electrochemical surface polymerisation of pyrrole on the GCE using 
nickel substituted crown [Ni4 (P8W48O184)(WO2)]28- POM as the polymer’s 
dopant anion. The films were grown in a solution of 0.1M pyrrole and 
3mM Ni-Crown POM solution in pH2 buffer at a constant potential of 
+0.65V. The deposition process was controlled by Chronocoulometry of 
different charges (2, 5, 10, 15 and 20mC). Once the polymer film had 
grown electrochemically, the electrode was removed from the pyrrole 
monomer/POM solution and washed with the same buffer solution (pH-2) 
that the film was going to be studied in. Cyclic voltammetry was 
performed to observe the redox behaviour of the polypyrrole films doped 
with crown type POM modified electrode in pH 2 buffer solutions being 
A B 
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freshly made and degassed prior to use for 15 minutes. Electrochemical 
Impedance spectra were carried out with bare glassy carbon electrode 
and every successive deposition on the electrode surfaces. 
Measurements were performed by placing the bare electrode and 
modified electrode with PPY doped POM. The recording of the spectra 
was performed at different (oxidised/reduced) applied potential (versus 
Ag/AgCl) from 0.01 to 1x105 Hz with voltage amplitude of 5 mV. The 
electrolyte was freshly prepared before use. For the catalytic studies 50 
mM stock solution of bromate were prepared in pH 7 buffer (0.1 M 
Na2SO4+20 mM NaH2PO4) for POM doped PPY film to observe the 
catalytic ability towards the reduction of bromate. The stock solution (on 
degassing) was added to the respective electrolyte solutions to make the 
required dilutions. The dilutions were usually 0.2 mM till 3mM. To find out 
the possible catalytic activity of these films and the catalytic current was 
compared to the different concentration of the analyte.  
X-ray Photo-electron Spectroscopy (XPS) was carried out on a Kratos 
Ultra spectrometer using monochromatic Al Kα radiation of energy 
1486.6 eV. High-resolution spectra were taken at fixed pass energy of 20 
eV. Surface charge was efficiently neutralised by flooding sample surface 
with low energy electrons. Core level binding energies were determined 
using C 1s peak at 284.8 eV as charge reference.Films were deposited 
onto ITO coated glass slides for scanning electron microscopy (SEM) 
and atomic force microscopy (AFM).  SEM of the films was performed on 
a Hitachi SU-70 using primary electron beam energy of 3 keV.  These 
conditions were chosen to avoid charging effects during imaging. AFM 
was conducted in contact mode on Agilent 5500, controlled using 
PicoView 1.10 software, with Bruker OTESPA cantilevers.  The areas of 
interest examined and image sizes used for each sample were chosen 
based on the expected dimensions of the features of interest identified 
from SEM analysis.  Multiple areas were imaged on each sample to 
ensure that the high resolution images presented here were 
representative of the entire sample.  Scan speeds were optimized to suit 
the features observed for each sample. All images presented were 
obtained at 512 pixel resolution. Image analysis of the raw topography, 
deflection and friction data was undertaken using Gwyddion software.  
The resulting topography and amplitude profiles are presented as 
pseudo-colour images. 
Keywords: Amperometry • Bromate• Electrocatalysis• 
Polypyrrole• Polyoxometalates• Thin films.  
[1] M. I. Gil, A. Marin, S. Andujar, A. Allende, Food Control 2016, 60, 416-
421. 
[2]  M. R. Martinez-Espinosa, J. D. Richardson, J. M. Bonete, Biochimica 
et Biophysica Acta  2015, 1850, 587-594. 
[3]  A. Breytus, P.A. Kruzic, S. Prabakar, Journal AWWA 2017, 109, 1-5. 
[4]  S. A. Trammell, C.L. Shriver-Lake, J. W. Dressick., Sensors and 
Actuators B  2017, 239, 951-961. 
[5] N. C. Brito, M. D. Araujo, A. C. Martinez-Huitle, A. M. Rodrigo, 
Electrochemistry Communication  2015, 55, 34-38. 
[6] J. R. Garcia-Villanova, R. C. Funcia, M. Leite, T. M. I  Fonseca, M. 
Espinosa, E. J. India, J. Water Health  2014, 12,  443–451. 
[7] R. Naseer, S. S. Mal, U. Koertz, G. Armstrong, F. Laffir, C. Dickinson, 
M. Vagin, T. McCormac, Electrochimica Acta 2015, 176, 1248-1255. 
[8] S. Imar, C. Maccato, C. Dickinson, F. Laffir, M. Vagin. T. McCormac, 
Langmuir 2015, 31, 2584-2592. 
[9] N. H. Miras, L. Vila-Nadal, L. Cronin, Chem.Soc.Rev. 2014, 43, 5679-
5699. 
[10] Y. Ohko, T. Tatsuma, T. Fujii, K. Naoi, C. Niwa, Y. Kubota, A. Fujishima, 
Nat. Mater. 2003, 2, 29−31. 
[11]  A. Polman, H. A. Atwater,  Materialstoday. 2005, 8, 56. 
[12] S. B. Bassil, M. Ibrahim, S. S. Mal, A. Suchopar, N. R. Biboum, B. Keita, 
L. Nadjo, S. Nellutla, J. Van Tol, S. N. Dalal, U. Kortz, Inorg. Chem. 
2010, 49, 4949−4959. 
[13]  S. S. Mal, U. Kortz,  Angewandte Chemie. 2005, 44, 3777−3780. 
[14a] B. Keita, Y. W. Lu, L. Nadjo, R. Contant, Electrochemistry 
Communications. 2000, 2,  720–726. 
 [15] H. S. Weinberg, C. A. Delcomyn, V. Unnan. Environ. Sci. Technol. 
2003, 37, 3104-3110. 
[16] K. M. Crofton. Texicology. 2006, 221, 212-216. 
[17a] T. umemura, K. Kanki, Y. Kurokawa, Y. Ishii, K. Okano, T. Nohmi, A. 
Nishikawa, M. Hirose. Toxicology. 2006, 97, 829-835. 
[17b] G. G. Papagianni, D. V. Stergiou, G. S. Armatas, M. G. Kanatzidis, M. I. 
Prodromidis. Sensors and Actuators B. 2012, 173, 346-353. 
[18a] S. Y. Zhai, S. Y. Gong, J. U. Jiang, S. J. Dong, J. H. Li. Analytica  
Chimica Acta, 2003, 486, 85-92. 
[18b] D. Fernandas, C. Brett, A. Cavaleiro. Journal of Solid State 
Electrochemistry. 2011, 15, 811-819. 
[19] M. Ammama, B. Keitaa, L. Nadjoa, J. Fransaerb, Sensors and 
Actuators B. 2009, 142, 347-354. 
[20] L. H. Bi, K. Foster, T. McCormac, E. Dempsey, J. Electroanal. Chem. 
2007, 605, 24−30. 
[21] Y. Gu, H. Ma, K. P. Halloran, S. Shi, Z. Zhang, X. Wan, Electrochimica 
Acta. 2009, 54, 7194−7200. 
[22] N. Anwar, M. Vagin, R. Naseer, S. Imar, M. Ibrahim, S. S. Mal, U. Kortz, 
F. Laffir, T. McCormac, Langmuir. 2012, 28, 5480−5488. 
[23] G. Xue, J. Xiong, H. Guo, G. Cao, S. Nie, H. Hu, Electrochimica Acta. 
2012, 69, 315-319. 
[24] A. Manivel, R. Sivakumar, S. Anandan, M. Ashokkumar, Electrocatal. 
2012, 3, 22-29. 
[25] Z. Han, Y. Zhao, J. Peng, Y. Feng, J. Yin, Q. Liu, Electroanalysis. 2005, 
17, 1097-1102. 
[26]  D. Fan, J. Hao, J. Phys. Chem. B. 2009, 113, 7513–7516. 
[27]  Z. Han, Y. Gao, J. Wang, Z. C. Hu, Anorg. Allg. Chem. 2009, 635, 
2665-2670. 
[28] Y. Li, R. Qian, Synthetic Metals. 1994, 64, 241-245. 
[29] A. Hallik, A. Alumaa, J. Tamm, V. Sammelselg, M. Vaartnou, A. Janes, 
E. Lust, Synthetic Metals. 2006, xxx, 1-7. 
[30] R. Doyle, C. B. Breslin, O. Power, A. D. Rooney, Electroanalysis. 2012, 
24(2), 293-302. 
(31) M. Falla, A. A. Diagne, M. Guène, C. Della Volpe, P. L. Bonora, F. 
Deflorian, S. Rossi, Bull. Chem. Soc. Ethiop. 2006, 20(2), 279-293.  
[32] A. Manivel, R. Sivakumar, S. Anandan, M.  Ashokkuma, Electrocatal. 
2012, 3, 22-29. 
[33] G. Xue, J. Xiong, H. Guo, G. Cao, S. Nie, H. Hu, Electrochimica Acta. 
2012, 69, 315-319. 
[34] M. Skunik, P. J. Kulesza, Analytica Chimica Acta. 2009, 631, 153-160. 
[35] A. Balamurugan, S-M. Chen. Electroanalysis. 2007, 19(15), 1616-1622. 
[36] S. A. Synder, B. J. Vanderford, D. J. Rexing, Environ. Sci. Technol. 
2005, 39, 4586-4593. 
[37] S-M. Chen, Y. H. Fa, Journal of Electroanalytical Chemistry. 2003, 553, 
63-75. 
[38] G. G. Papagianni, D. V. Stergiou, G. S. Armatas, M. G. Kanatzidis, M. I. 
Prodromidis, Sensors and Actuators B. 2012, 173, 346-353.  
[39] G. Armstrong, M. Buggy, Journal of Materials Science. 2005, 40, 547-
559. 
[40] G. Armstrong, Supramolecular Polymers (Hydrogen bonds)” in: 
Springer Encyclopedia of Polymeric Nanomaterials, (Eds: Kobayashi. 
S; Müllen. K.  Online ISBN 978-3-642-36199-9), 2014, pp.1-10.  
DOI: 10.1007/978-3-642-36199-9_80-1. 
 
 
 
 
10.1002/ejic.201801106
Ac
ce
pt
ed
 M
an
us
cr
ip
t
European Journal of Inorganic Chemistry
This article is protected by copyright. All rights reserved.
FULL PAPER    
 
 
 
 
 
 
10.1002/ejic.201801106
Ac
ce
pt
ed
 M
an
us
cr
ip
t
European Journal of Inorganic Chemistry
This article is protected by copyright. All rights reserved.
